Recent experiments find that the pseudogap phase of the high-Tc cuprates ends suddenly at an electron doping x * when the Fermi surface change its shape from hole-like to electron-like. In this short note, we argue that the antiferromagnetic(AF) spin correlation of the system should drop abruptly at the same doping. At the same time, we argue that the critical behavior observed at x * in the specific heat measurement should be attributed to the strong renormalization of the quasiparticle excitation in the anti-nodal region by the critical AF spin fluctuation.
Recently, it is found that the pseudogap phase in several hole-doped high-T c cuprates ends suddenly at the electron doping x * when the Fermi surface change its shape from hole-like to electron-like 1-3 . More strikingly, it is found that the linear coefficient of the low temperature specific heat exhibits a logarithmic divergence at the same doping 4 . Such a logarithmic divergence is interpreted as the signature of quantum criticality, which is also observed in iron-based superconductor BaFe 2 (As 1−x P x ) 2 and heavy Fermion metal CeCu 6−x Au x at their antiferromagnetic quantum critical point 5, 6 . What is puzzling in the case of the high-T c cuprates is that people do not understand what is really critical at such a high doping level 7 . For example, the antiferromagnetic(AF) order of the system vanishes at a much smaller doping and is thus very unlikely to be the cause of the observed critical behavior. There is also no other obvious ordering channel that is critical at such a doping.
The AF spin fluctuation has been generally believed to be playing an important role in the physics of the high-T c cuprates [8] [9] [10] [11] . In a series of previous studies, we have shown that the AF band folding effect and the electron pairing caused by the AF spin fluctuation are crucial for the understanding of the quasiparticle dynamics in the pseudogap and the superconducting state [12] [13] [14] . Unlike the spin fluctuation in weakly correlated metals, which becomes rather weak when the system is tuned away from the magnetic critical point, the spin fluctuation in the high-T c cuprates is robust deep inside the paramagnetic phase as a result of the strong correlation effect. For example, recent RIXS measurements find that the high energy spin fluctuation in heavily-doped cuprates is hardly changed from that of the AF insulating parent compounds [15] [16] [17] [18] [19] [20] , indicating its local moment nature. To account for the dual nature of electron as both local moment and itinerant quasiparticle in the high-T c cuprates, people have introduced the spin-Fermion model, in which the local moment and itinerant quasiparticle behavior are treated phenomenologically as two independent degree of freedoms 21 . The spin-Fermion model takes the form of Here k is the dispersion of the quasiparticle.
is the spin density operator of the itinerant electron. S i is the local moment operator. The dynamics of the local moment is assumed to be described by a phenomenological (inverse) propagator χ l (q, ω), which peaks at the AF wave vector Q=(π, π). g is a phenomenological coupling constant between the quasiparticle system and the local moment system, which is expected to be ferromagnetic 22 . In the spin-Fermion model, the magnetic susceptibility of the system is determined by the coupled response of the local moment system and the quasiparticle degree of freedom. In the spirit of the random phase approximation, the magnetic susceptibility of the system is given by Here χ i (q, ω) is the bare susceptibility of the itinerant quasiparticles. While there is no reason to expect the magnetic response of the local moment system to be sensitive to the change of the Fermi surface shape, the AF response of the quasiparticle system should be singularity when the Fermi surface touch the Van Hove singularity(VHS), which are separated from each other by the AF wave vector Q in the momentum space. Here we show that the AF response of the quasiparticle system diverges logarithmically at x = x * and is strongly suppressed when x > x * . We argue that the suppression of AF response of the quasiparticle system for x > x * is very likely the origin for the end of the pseudogap phase at x * . At the same time, we argue that the critical behavior observed at x * should be attributed to the singular quasiparticle renormalization effect in the anti-nodal region caused by the scattering off critical AF fluctuation.
To illustrate these points, we calculate the magnetic susceptibility of the quasiparticle system at the AF wave vector as a function of the electron doping. The AF susceptibility of the quasiparticle system is given by
in which the quasiparticle dispersion is chosen to be k = −2t(cos k x + cos k y ) − 4t cos k x cos k y − µ, with t = −0.25t. n F ( ) is the Fermi function. The Fermi surface for several different doping levels around x * are shown in Figure 1 .
The hot spots on the Fermi surface, where k = k+Q , play an important role in the AF response of the quasiparticle system. From Figure 1 we see that as we increase the hole density the hot spots move towards the VHS and disappear altogether when the Fermi surface crosses the VHS. We thus expect the AF response of the quasiparticle system to be strongly suppressed when the Fermi surface change its shape from hole-like to electronlike. Indeed, the calculated susceptibility at the AF wave vector, which is plotted in Figure 2 , drops abruptly for x > x * . The logarithmic divergence of the AF susceptibility at x * is caused by the divergence in the effective mass at the VHS.
The local moment system by itself is far away from magnetic criticality for x = x * . However, through its coupling to the quasiparticle system, the magnetic response of the local moment system at x = x * will also be driven into critical. At the same time, the abrupt drop in the AF response of the quasiparticle system for x > x * will significantly reduce of AF response of the whole system. If the AF fluctuation is indeed the ultimate origin of the pseudogap phenomena, as we argued for in previous works [12] [13] [14] , then the suppression of the AF correlation for x > x * is very likely the origin of the pseudogap end point at x * . At the same time, the divergence of the AF response of the quasiparticle system at x * will greatly enhance its coupling to the local moment system, resulting in divergent self-energy correction for the quasiparticle excitation in the anti-nodal region. We believe this is at the origin of the observed critical behavior in the specific heat coefficient at x * . However, we note that the anti-nodal quasiparticle under the scattering of the AF fluctuation is a genuine strongly coupled system as a result of the divergence of effective mass at the VHS. The proximity to the VHS also renders the Migdal theorem strongly violated in the anti-nodal region. These features pose a big challenge for any analytical effort to understand the critical behavior at x * . To make further progress, we now derive a low energy effective theory for the system at x * . The action of the effective theory is given by S = S ψ + S ϕ , in which
denotes the effective action of the anti-nodal Fermions.
Here we have approximated the Fermion field around the two VHSs at (0, π) and (π, 0) as independent degree of freedoms. ψ 1,k = (ψ 1,k,↑ , ψ 1,k,↓ ) T denotes the Fermion field around the (0, π) point, whose dispersion is given by
T denotes the Fermion field around the (π, 0) point, whose dispersion is given by 2 (k) = (t + 2t )k
Here the momentum k is defined with respect to the corresponding VHSs and α (k) is approximated to the second order in k. ϕ q is the field of the AF spin fluctuation, whose effective action is given by
Here χ −1 l (q, τ ) is the inverse of the dynamical susceptibility of the local moment system. The momentum q of the spin fluctuation field is now defined with respect to the AF wave vector Q=(π, π).
The effective theory presented above has exactly the same structure as the model proposed by Berg et al. 23 , which is free of the sign problem in quantum Monte Caro(QMC) simulation. We thus expect that the QMC simulation can also be used to understand the observed critical behavior at x * . In conclusion, we argued that the sudden end of the pseudogap phase at x * and the observed critical behavior at the same doping can be understood in the framework of the spin-Fermion model, in which the magnetism is carried by both itinerant quasiparticles and local moments with dominating AF correlation.
